Seventy-four E. coli strains isolated from piglets with diarrhea or edema disease in Spain were serotyped and examined for production of heat-labile (LT) and heat-stable ( ؉ . We conclude that PCR is a fast, specific, and practical method for the identification of enterotoxin and VT genes in clinical and epidemiological studies.
Enterotoxigenic Escherichia coli (ETEC) and verotoxigenic E. coli (VTEC) are the main categories of bacteria that cause enteric infections in pigs (2, 10) . ETEC strains can cause severe diarrhea in newborn and weaned piglets by the production of heat-labile enterotoxin (LT) and/or a group of heat-stable enterotoxins (STs) (2) . STs are classified as STa (also called STI, ST1, or STmouse) and STb (also called STII, ST2, or STpig) (11, 19, 32) . Many porcine ETEC strains have fimbrial structures on their surface which, like LT, STa, and STb enterotoxins, are plasmid mediated. These fimbriae are termed colonization antigens (K88, K99, F41, and P987) and enable the bacteria to colonize the epithelial surface of the small intestine (29, 31) . On the other hand, porcine VTEC strains produce the edema verotoxin (VTe), also named VT2 variant (VT2v) or Shiga-like toxin II variant (SLT-IIv) (18) . ETEC and VTEC strains can be phenotypically detected by testing isolates for toxin production with bioassays or immunoassays (6, 11, 12, 16, 32) . Alternatively, ETEC and VTEC strains can be genotypically identified by detection of genes encoding toxin production by DNA hybridization techniques or PCR (13, 15, 16, 22, 27, 33) . PCR is rapid, sensitive, and highly specific and gives results within a working day (22) . However, no studies have compared the sensitivities and specificities of PCR and biological assays for the detection of enterotoxins and VTs in a wide range of serotypes of porcine strains. Thus, the objectives of this study were to determine the presence of enterotoxin and VT genes in ETEC and VTEC strains isolated from piglets with diarrhea or edema disease in Spain, to compare the sensitivity and specificity of PCR with those of the DNA hybridization test and conventional biological assays for the detection of enterotoxins and VTs, and to establish the O:K:H serotypes and colonization factors of Spanish porcine ETEC and VTEC strains.
From 1986 to 1991, 1,334 E. coli colonies were isolated from 414 pigs sampled at 65 piggeries located in different areas of Spain (6) . ETEC strains were isolated from 64 (20.2%) of 317 piglets with diarrhea, 5 (25%) of 20 piglets with edema disease, and 1 (1.3%) of 77 healthy piglets. ETEC strains were statistically associated (P Ͻ 0.001) with piglets with diarrhea or edema disease. VTEC strains were isolated from 13 (4.1%) piglets with diarrhea, 3 (15.0%) piglets with edema disease, and only 1 (1.3%) piglet who was healthy. VTEC strains were statistically associated with pigs with edema disease (P Ͻ 0.05) but not with diarrheic piglets. With only biological assays (Vero cell assay for detection of LT and VTs, and infant mouse test [IMT] for STa), a total of 273 ETEC and VTEC isolates were detected (6) . ETEC (LT ϩ and/or STa ϩ ) and VTEC strains isolated in Spain from pigs with diarrhea or edema disease belonged almost exclusively (91.2%) to only seven se-rogroups (O8, O9, O20, O101, O138, O141, and O149) which were detected at lower frequencies among nontoxigenic isolates (7). Seventy-four representative strains of these 273 ETEC and VTEC strains were included in the present study for additional characterization. Reference E. coli strains used as positive and negative controls were H510/76 (O149:K91: , and K-12-185 (nontoxigenic). The phenotypic techniques (Vero cell assay and IMT) were comprehensively described in previous papers (1, 3, 8) . The following DNA sequences were used as probes for E. coli toxin genes: the 850-bp HindIII fragment of pEWD299 and the 800-bp HindIII-PstI fragment of pCP2725 for detection of LT-I (20) and LT-II (23), respectively; the 157-bp HinfI fragment of pRIT10036 (STaP) and a 215-bp HpaII fragment obtained from digestion of a HindIII-EcoRI fragment of pSLM004 (STaH) for detection of STa (20) ; the 460-bp EcoRI-BamHI fragment of pCHL6 for detection of STb (14) ; and the 1,154-bp BamHI fragment of pNN37-19 and the 842-bp PstI fragment of pNN110-18 for detection of VT1 and VT2 (21), respectively. Probe fragments were labelled with [␣-32 P]dATP by nick translation (26) . Filters containing the test strains for colony hybridization were prepared and hybridized under stringent conditions as described by Maas (17) . E. coli K-12 strains bearing the recombinant plasmids were used as positive controls, and E. coli HB101(pBR322) was used as the negative control. In the PCR for detection of toxin genes, the DNA to be amplified was released from the whole organism by boiling. Base sequences, locations, and predicted sizes of amplified products for the specific oligonucleotide primers used in this study for detection of LT, STa, STb, and VTs are shown in Table 1 . Amplification of bacterial DNA was performed with 50-l volumes containing 10 l of the DNA sample; the oligonucleotide primers (300 ng for LT and STa primers; 90 ng for STb, VT2all, and VThb primers; 180 ng for VT1 primers; and 450 ng for VT2v primers); 0.2 mM (each) dATP, dGTP, dCTP, and dTTP; 10 mM Tris-HCl (pH 8.8); 1.5 mM MgCl 2 ; 50 mM KCl; and 1 U of DynaZyme DNA polymerase (Finnzymes OY, Finland). The reaction mixtures were overlaid with an equal volume of mineral oil. The PCR was performed with a thermal cycler at 94°C for 3 min for 1 cycle, followed by 30 cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for 1 min. The amplified product was visualized by standard submarine gel electrophoresis of 10 l of the final reaction mixture on a 2% agarose gel. Amplified DNA fragments of specific sizes were located by UV fluorescence after staining with ethidium bromide. The serotyping was carried out by the method described by Guinée et al. (10) , employing all available O (O1 to O171) and H (H1 to H56) antisera and the specific OK antisera against the K antigens usually associated with each O antigen determined. For phenotypic expression of the K88, K99, P987, and F41 antigens, bacteria were inoculated into Mueller-Hinton broth (Difco) and incubated at 37°C for 5 days until a definitive pellicle was formed. From this pellicle, bacteria were inoculated on colonization factor antigen agar and Minca-Is agar and incubated at 37°C for 18 h. The presence of colonization antigens in E. coli strains was revealed by using specific polyclonal antisera in a staphylococcal coagglutination test (8) .
The results of the phenotypic and genotypic assays for detection of enterotoxins and VTs are shown in Table 2 . The study of toxigenicity was performed in four stages. 
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were obtained. (iv) During 1997, the presence of VT1 genes was again assayed by CH in 10 E. coli strains. Because toxin genes may be lost during storage, the 74 strains included in this study were tested again with the Vero cell assay and the IMT at the same time as the PCR test was carried out. Twelve strains originally recorded as STa ϩ in the IMT gave negative results, whereas the phenotypic production of LT and VTs has not changed since this study was started. A nearly total correlation was observed between the results with the PCR approach and those determined by using biological assays with respect to LT and STa enterotoxins and VT1 and VT2. DNA probes used in the hybridization also showed a very good agreement with phenotypic results, with the exception of the VT1 probe that produced 10 false-positive cases in the test performed during 1993. However, when the CH tests were repeated in 1997, all false-positive reactions for the VT1 gene were now true-negative reactions.
In this study, a pair of oligonucleotide primers were specifically designed to amplify a 172-bp fragment of the STb gene. The primer sequences were based on the published sequences for STb (14) . The use of an oligonucleotide primer pair homologous to the nucleotide sequence of the STb gene generated PCR products of the predicted size with all porcine STb ϩ reference strains, but not with reference ETEC and VTEC strains producing other toxins. The toxin genotypes determined by PCR-STb test for the 34 strains tested corresponded to the results of DNA hybridization, with only two exceptions (PD205d and PD32b strains) ( Table 2) .
The STb gene (58 strains) was the most prevalent gene detected, followed by the STa (46 strains), LT (19 strains), VT2v (11 strains), and VT1 (1 strain) genes. The 6 LT ϩ strains and 22 STa ϩ strains in the PCR that were assayed with DNA probes hybridized with LT-I and STaP, respectively. None of 34 strains assayed hybridized with LT-II and STaH. A total of eight different combinations of enterotoxin and VT genes were observed (Table 3) (Table 4) .
Various studies have compared the conventional biological assays for detection of enterotoxin production with different types of DNA probes used in colony hybridization (11, 12, 16 ), but to the authors' knowledge, this is the first survey that compares PCR for detection of different types of enterotoxins and VTs with the conventional methods. In this study, the PCR assays used for detection of LT and STa enterotoxins showed a very good agreement with phenotypic methods and the DNA probes used in colony hybridization. As in previous studies, we observed that some ETEC strains lost the STa phenotype during storage. These phenotypically negative strains were also negative in the PCR, indicating that the strains probably lost the STa gene-bearing plasmids by segregation during storage. Our results further indicate that STaP is the STa enterotoxin active in IMT produced by porcine ETEC strains and that LT-I is the variety of LT synthesized by ETEC strains of porcine origin. In the majority of studies, the STaH gene was detected 
a All 74 strains were tested by PCR to determine the presence of the gene coding for the toxin listed. However, only 34 of them were examined by CH. only in human ETEC strains, whereas the LT-II gene was observed only in bovine strains (2, 19, 33) . However, Celemin et al. (5) found that 30 (25%) of 118 E. coli strains isolated from healthy pigs in Spain hybridized with both LT-II and STaH probes. However, when the phenotypic production of LT-II was tested with cell culture assays, all LT-II ϩ strains gave unclear or negative results, indicating that the results obtained by the hybridization were probably false positives (5) . Falsepositive reactions were also observed in our study when the VT1 DNA probe was used in the hybridization.
STb enterotoxin appears to be a significant contributor to swine diarrhea. In fact, the STb gene is the toxin gene most commonly found in association with ETEC strains from diseased swine in the present study, and this finding is in agreement with those of others (11, 12, 19) . However, epidemiological studies to determine the scope and significance of ETEC strains producing STb enterotoxin in diseased piglets have been limited by the lack of simple and rapid assays, since the animal assays are very complicated and time-consuming (11, 16) . The PCR protocol outlined in this study was sensitive, specific, and simple and required very little technical time compared with other methodologies for the detection of STb enterotoxin.
Three distinct types of VTs or Shiga-like toxins (SLTs) have been well characterized: VT1 (SLT-I), VT2 (SLT-II), and VT2v (SLT-II variant ϭ VTe) (15) . VT1 and VT2 are produced by human and bovine strains associated with hemorrhagic colitis and hemolytic-uremic syndrome in humans (4, 28) , whereas VT2v is synthesized by porcine E. coli strains responsible for edema disease (13, 18) . In the present study, a total correlation between the results obtained with the PCR approach and those determined with the Vero cell assay was observed. In total, 12 strains were verocytotoxic: 11 were VT2v ϩ , and 1 was VT1 ϩ . Thus, our results confirm that porcine E. coli strains usually produce the edema VT. Interestingly, 10 of 11 VT2v ϩ strains also presented the STa and STb genes, and the majority of them belonged to serotype O138: K81:HϪ or O138:K81:H14. Porcine VTEC strains do not appear to be associated with human disease. However, Piérard et al. (24) reported the first episode of human infection with a strain producing the porcine toxin VT2v. The infecting strain belonged to serotype O101:H9. Interestingly, the porcine VT1 ϩ strain identified in our study belongs to a serotype (O91:KϪ:HϪ) previously found in VTEC strains that cause hemorrhagic colitis in humans (28) .
The results obtained in this study indicate that the majority of ETEC strains that cause diarrhea in pigs in Spain belong to classical enteropathogenic serotypes and present the same en- (29, 31) . In the present study, STa-producing strains with colonization factors other than K88 were nearly twice as common as LT ϩ STb ϩ K88 ϩ strains (23 versus 13 strains) . Surprisingly, other authors found that porcine ETEC strains isolated in Spain possess atypical characteristics (many belong to serotypes not included among those considered classic enteropathogens, some express both K88 and P987 colonization factors at the same time, and others possess LT-II and STaH enterotoxin genes) and suggest the existence of indigenous serovars and pathotypes which are probably specific for each area (5, 30) . These findings could not be confirmed in the present study, because the majority of ETEC strains examined in our study showed the same serotypes and produced the same enterotoxins (LT-I, STaP, and STb) as porcine ETEC strains isolated in other countries (12, 19, 29, 32) .
We conclude that porcine ETEC and VTEC strains isolated in Spain belong to the same O:K:H serotypes and possess the same toxic genotypes as strains associated with pig diarrhea or edema disease in other geographical zones. Furthermore, it was concluded that PCR was a fast and reliable method for the identification of enterotoxin and VT genes in clinical and epidemiological studies. The results obtained in our study also have special relevance for the design and development of E. coli vaccines against enteric infections in pigs to be applied in Spanish piggeries. 
